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ABSTRACT
The intense IR photon output of the Vanderbilt FEL is to be made to collide with its own high
energy electron beam to create nearly monochromatic Compton Backscattered X-Rays. At
Vanderbilt, a sub-project of FEL generated X-Rays is under development parallel to the
construction and initial operation of the FEL main project. The electron beamline and IR photon
beamline designs are near completion, including design of electron beamline magnets and their
layout, design of IR optical beamline elements and their layout, electron and IR optical beam
diagnostics and alignment methods.
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DEVELOPMENT OF TIHE VANDERBILT

COMPTON X-RAY FACILITY

INTRODUCTION

When a photon co!lides with a free electron, its energy and direction change to conserve energy

and mornen:um. This is called the Compton Effect. When the electron is relativist,- tha: i-, -=

Eimc 2 ) I (where E is the otal energy of the electron, m the rest mass. and c the speed of light),

and the photon has a low cne:gy, that is XL ,, Xc = hI m, = 2.42 x 10-.) m ( where Xc is the

Compton wavelength, h the Planck's constan, XL the wavelength of the -"c"d..t -.. ,"' ), t',.

the wavelength of the scattered photon is given by the formula

.s = XL ( I + e2 )/ 2  (1)

where 0 is the angle th.,•ough which th, , lectr is) s.Cattr... i;- aa r p•t 1r" w.i.. a 2i ....

wavelength scattered in the backward direction ( 0 = 1SO ) off a 43 MeV electron, the wavelength

of dhe scattered photon is 0.7 A, which corresponds to an X-ray with an energy of 17.6 keV. in the
X-ray part of the specurun. Since i.,ntne, :...... A U.--. .. -en. I

lasers, and an intense monochromatic elec.on beam car, be generated by conventional accelerators,

X-rays produced by Compton scattering can be made quite monochromratic as compared with those

gercratcd by conventional X-ray tubes. S,,h y.-%.0•. Xa-,. Iay h ..... ..

advantages for medical imaging. In particular, the low-energy photons from a conventioral X-ray

tube are absorbed close to the skin surface in the patient and cont-ibute to the patient's X ray dose,

but not to the X-ray image. High energy X-rays, on the other hand. oftn nass through the ,,,;',

undergoing scattering which tends to fog the fi•m, and degrade the X-ray image. It is the
inerrnedia:e X-rays which experience ab"so.:i-- e " I- .0cduI u nu.u• * ii; uic L dy ue to phowoeiec .--"c processes, and

form the X-ray image. For mammography, the useful X-ravs am 'hose wit,' wavel••,g-s qro.,n,,

0.7 A and etnerzi.s around IS kcV. By usir-.! X-r..; ,•f.is cn . :.,:or,. •1 c=::r- ,t, r:'! .



estimated that the patient dose required to provide the img oof m standar manv.........

be reduced by a factor of about 50.

In the Vanderbilt Compton X-ray facility, infrared photons at wavelengths around 2 pm are

produced by the Vanderbilt free-electron laser, while electrons at energies ruimnd 43 Mew are

provided by the beam emerging from the free-electron laser. These are collided in a small

in:eraction region, about 40 pim in diameter, to produce X ray photons of the desired wavelength

at the rate of about 1010 per second. The schematic of this project is shown in Fig. L These X-rays

can be used to explore the use of such photons in medical imaging of breast cancer, and eventually,

to perform miaranography in clinical trials.

INTERACTION GEOMETRY

Since the expected emittance of tme ekctzon ..- a is small11er than e laser w....av.. leng.th., fUlu

ernittance may be ignored in optimizing the interaction geometry. Only the electron pulse length

need be considered, so we optimize by setting the Rayleigh range - I/2 the electron pulse length (

1/2 of the optical wavelength ).

The design electron energy of the Vanderbilt FEL is 43MeV and the infrared optical wavelength

is about 2 gm. Under these conditions, the X-ray wavelength is 0.7 A. For an average laser power

of 6 W and an average electron b•e•a curremnt of 29 mA tA Ysrhd X ray Antnn ot~t.t i;4 d

x l012 per second per steradian; dhe electron beam and the infrared beam are both focused to the

same size, 12 prm in radius. Both beams in the interaction zone are shown in Fig.2. For

experimental convenience , the beams will be focused to a larger spot, about 20 gm in radius. The

number of output photons is then 2.7 x 10I2 per second per steradian.

ELECTRON BEAMLINE DESIGN

Since Compton X-rays are generated along the direction of the the electron beanline, and the X-

ray laboratory is one floor above the •EL vault, msteirh-r,, bed ,* ,,.,,-,- fro. " tv,

original horizontal direction, into the direction of the laboratory , or generate X-rays along the



original electron direction, and bend the X-rays up to the laboratory. This option, opened up by

recent technological developments in X-ray "fiber optics", is discussed later.

7The electron beamnline design shown in Fig. I .A.,, , u , . 1th UV' S '--Up . .wa-" the

laboratory, so that the X-rays are produced in that direction. After passing through the interaction

region, the electrons are directed back to the original beamline and transported to the beam dump.

The beamrline design is complicated by the fln;te ,It-,n;.c• ,,d.•., s.. ead f,4 VII eLM ....

beam. A further complication of a practical nature is introduced by the fact that the electron

bea•,lne lies in a plane tilted about 47* from the horizontal plane. Because the electron beam has an
energy spread of the order of a few percent after emerging from th. wiggol-, " c.am -.. .rpo,

system used to focus the beam into the interaction region must be achromatic. Our design is to

make four identical bends, each consi,,sts of iwo2 S:gie bcnd's with a quadrupoie in between the

two d-poles, together they make an "achromatic bend". Other quadrupoles are needed for focsincg

and bearn-conzol purposes. A total of eight 20" dipole bending magnets and fifteen quadrupoles

are needed for this design. Fi'rst ""d co 4 A , d "o4r" TRA N O ,nd .PO-JIS%0S C, iiaiions were

used in the design.

Because the emittance of the elect-on beam is expected to be smaller than the wavelength of the

laser, the emittance allows the elec.,on ben.. to be...' "o side h.,,.e ,...,. . regWon. "iHowever,

the emittauce affects the monochromatic quality, in the following way, within the interaction cone of

each electron, tde wavelength increases with the angle from the electron direction according to the

formnula (valid for y I)

X= 92), (2)

where 0 is the angle between the direction of the radiation and the electron motion, X0 is the
I Ie ciectrons are not mov

photon wavelcnguh in, the Ifor;.Crddir~ccton. 71is'l"** moing paaie to eacii

other, the X-radiation in a given direction will con'ain a spread of wavelengtýs. A frTher sCpr"ad in

the X-ray wavelength is caused by the energy spread of the beam. To minimize this effect, it is

3



imporant that the electron beamline not expand the emittance by convening the electron energy

spread into emittance growth.

AN ALTERATIVE ELECTRON BEAMLINE DESIGN
Recently, a new kind of X-ray opticsa, X-ray """,rin..1h ," or X-ry... nn,,'r" , .c,,,r

consideration [I]. It uses multiple tiny hollow glass tubes. X-rays undergo myriad glancing

inciderce total external reflections inside the tubes with only limited loss. With these capillaries we

will be able to firs: collimate, then bend ., X-ray; up to t"e X-ray labvoratoy. Th ,.schexa,, U4

:his design is shown in Fig.4.

With capillary technology, we can avoid having to build a complicated el.ctron beamnline With

many magnets in order to bend the eTo....c,. This approach ,; - ,h,, ,

beamline design and enable us to use fewer magnets. Another advantage of *.his design will be to

avoid sending the eCectrons in the direction of the X-ray laboratory where people will be working.

thus reducing the potential radiation haz.rd. The disadvz.ntage of -his desaign is that the. capillary

technology has not yet been actually used as a scientific research tool, making success urcernain.

The cost of a capll ary tube bundle device an-d a fe..w .... -is es"' :. "..- o &e;; t ..a he ot'!

cost of thc magnets needed in the fLust design.

OPTICAL BEAMLINE DESIGNS

The purpose of the infrared beamnline is to transport the FEL infrared optical beam to the

interaction region and focus it at the "interaction zone" to a diameter of about 40 4m. When the

electron and laser beams are not exactly collinear, the wavelength shifts slightly according to the,

formula

L = Xc / Cos2 0 (3)

where 0 is te angle between the axes of th'e e!ez:rc aid laser beams, Lc ;he wavo-.cngth :n the

collinearc•se,. The angur ftactor for thd ... cd X-ry . ea. ira

4



also cos 2 e. This is a small effect for small angles, and it is therefore possiN e to use ."Cgeo..e"ICS l"

which the beams cross at a small angle. However, if the angle becomes much larger than the

convergence angle of the laser bea=, the electrons have less time to interact with the laser beam and

this reduces the X-ray internsiy. Therefore, at the regiort beyond the ita"o".. one, ,ll ",r.

beams have to overlap geonetrically. However, passing the electron beam through any optics

transporting the infrared, beam is.not possible wi.hot damaing the optics. Also, the X-ray beam

has to be transported through this sys:cm to go into the laboratory upstairs. These cond,,,,tis•.-s

complicate the infrared beamnline design. Four approaches for solving these problems are under

consideration:

1) The first approach is to transport the infrared beam collinearly with the electron beam. This is

shown in Fig.5, corresponding to the 8 = 0 case. The mirror that reflects the infrared beam has a

hole at the center, which is also the center of the bearmine, lwge eno.ugh to let -..,-- -....... e--am

and me accompanying X-rays pass through. The advantage of this method is that it is simple and

inexpensive. The disadvantage is loss a:id 1distortion of the infrared beam due to the hole in the

middle. This causes a loss of the most intense portion of a Gaussian r,. e , .

due -o the hole alone is estimated to be 1% of the beam intensity, if we use a 10 mm radius mirror

with a 1 mm rais hole paC,,-. at 30 cm ,,UM the i e1aciion zone. Also, there wiii be some

electrons on the edge of the beam "scraping" the mirror near the hole, which will cause damage tI

the mirror.

One solution to the intensity loSs is :cVl-ace th-e ,,OIC ,•f cner in a region of lower intensity.

However, this will make the two beams non-collinear, as shown in Fig.5, for the 0 • 0 case, and

reduce the interaction between the beams. Th•e estimated loss due to the angular factor and the

intensity loss is 0.7% of the beam intensity, assuming the hole is ... t.. , t.e I*'- , ,,t" .. p0i- i

of the the infrared beam 30 cm away from the interaction zone.

2) The second ýqproach is an a:ernac:,e to the first method, repiacing the standard mirror for

transporting the infrred beam with a berlii'li mirror. This nirror Panel,ý,c,., .r,,,-,

downstream after the electron beam is directed away. This is ( an alternative way for the fus,.

5



method too ) shown in Fig.6. The difference is th"at t's Bery'llitu miu& it almot transparent to

the X-rays and can be coated to reflect infrared photons. Therefore, the use of a Beryllium mirror

does not introduce the distortion to the beam becavse this avoids the need for placing any hole on

the mirror.

3) The third approach is to make the infrared beam and the electron beam cross initially with a

small angle. This is shown in Fig.7. The reduced X ray output due to the angular factor is

estimated to be 0.1%. This is the siMpl,-st, Mst eff%:,ive .a.. d least C....... ,. design of all. I

avoids the serious electron damage problem of the first approach.

4) The fourth approach is shown in Fig.S. An axicon pair is used to reshape the infrared beam

to a hollow one (2]. The hole necessary for the electrons a.d X ray photons to passo :hovgh c.a&.
be adjusted to the desired size and placed where the beam itself is hollow. The disadvantage of this

approach is the cost and complexihty of tuh"e axicO. . pair.

ELECTRON BEAM DIAGNOSTICS AT FOCUS

To optimize the Compton X ray outp-u, ,%,.h.a 1ie..beat andI,%a te .. t,4.u'44 upt cai beaf"i I MistI

be aligned collinearly and focused at a common point of about 20 pm radius. Aligning the system

and diagnostics for both beams are necessary. The difficulties for the diagnostics are:

First. at the focus, our electron beam has the luminosity of 4.5 X 10) ,/ 2. This is more tha

enough to melt ary screen material in a sing'e macropulse.

Second, both beams have a pulsed structwe. Thus not oniy must both beams be aligned and

focused spatially, but also the picosecond micropulses of both beams must meet simultaneously at

the focus.
Of these, the first problem is the m.os difficult on. to d .al -,d , Th ............. n

most reliable method for diagnosing an electron beam with a beam size as small as tens of

micrometers is to have a screen at the focusing point. To avoid melting diagnostic screens, when

diagnosing, we must reduce the e!ec'on bn .i.t..it. Beam inctinsy can be .educed by one of

the several ways:

6



i) The first method is to place a slab widh the proper thickness and material, an "attenuator" in

the electron beam, at the upstream end of the interaction region so that the mul,,pe scatterng"

processes reduce the number of electrons as shown in Fig.9. Electrons coming out oi this

attenuator wit.h he "wrong" energy and 'dzce can be fihered out with a pair of "emittance filters"

ýn each plane and an "energy filter". The latter already exists for the FEL itself. The fo'rer ca"n be

inserted into the beamline without too much difficulty. Computer simulation with the program

EGS4 assures us of the ,,ffectivaenesS Of Meutho,, and ithe requirements for the attenuator

materiU.

An alternative method is to place holes in the slab, to form a "pepper pot". The holes allow the

desired poixion of electrons to go through the vat,-,'tor .. ithut being .... ,4:- T... e erni.tance

filters and the energy filter again filter out the "wrong" elecons scattered by the slab. This is also

shown in Fig.9.
2) The second method is to scan the elec~on beam on the d.agnosc . c. en.,, te ,,*.. -a

RF cavity in the horizontal or vertical plane. Instead of having an "image spot" of the electron

beam, we get two crossed lines. Th1,e wid"h•u, of fhe 'orizontal line represents the electron beam size

vertically. The width of the vertical line represents the beam size horizontally, as shown,, i.,,. 1A. 10.

The method is more expensive than the attenuator, even though we can make use of the existing

RPT source.

3) The third method can be called the "non-interactive" method. It works under the same

principle that the Compton X-ray production works. The RF from the same source as the FEL,

which has a frequency of 2856 M1tz, it, guided into the i,-,raction -, ho,.e w %h ,.- .'.-i L .. "'ith t-

electron beam. A Ilight beam of about 3.7 la.m in wavelength will be generate.1 as a "probe beam",

as shown in Fig. I1. 'he probe beam goes tluuugh the same optical elements as the infrared beam

does so that the alignmer~t of the both beams can be done simultaneous!N w4,-h the Same sc... en.

CONCLUSION

I • I I I I I I ! I • II IIII | | | /



At Vanderbilt, tunable, near monochromdatc Compton X-fyab WiM be generated using the FEL

residual electrons and the FEL output infrared optical beam. The project is near its construction

stage. A few of the possible designs for different parts of beamlines are reported here, including

the electron-beam design, the infrared optical-beam. deusigfn•, el"con ... m. Ud.a-- .. Ci a.d a

possible X-ray optical design using capillary "fiber optics".
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